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Nerve growth factor (NGF) delivery to the brain of patients appears 
to be an emerging potential therapeutic approach to neurodegen- 
erative disease, such as Alzheimer's disease (AD). The intranasal 
route of administration could provide an alternative to intracere- 
broventricular infusion and gene therapy. We previously showed 
that intranasal administration of NGF determined an amelioration 
of cholinergic deficit and a decrease in the number of phosphotau- 
positive neurons and of jB-amyloid accumulation in AD11 mice, 
which express transgenic antibodies neutralizing NGF action and 
exhibit a progressive Alzheimer-like neurodegeneration. In this 
study, we report that the Alzheimer-like neurodegeneration in 
AD11 mice is linked to progressive behavioral deficits in visual 
recognition memory and spatial memory starting from 4 months of 
age. To establish whether intranasal administration of NGF, started 
after the appearance of the first memory deficits, could revert the 
cognitive deficits in AD11 mice, we assessed the performance of 
NGF-treated or control AD1 1 mice in the object recognition test and 
in a test of memory for place and context. Deficits exhibited by 
untreated AD11 mice could be rescued by the intranasal adminis- 
tration of NGF. Thus, this route of administration provides a 
promising way to deliver NGF to the brain in a therapeutic 
perspective. 

Alzheimer's disease behavior mouse model 

Nerve growth factor (NGF) (1, 2) is the most important 
target-derived trophic factor for basal forebrain cholin- 
ergic neurons (BFCNs). In rodents and nonhuman primates, 
NGF increases the synthesis of choline acetyltransferase and 
prevents BFCN atrophy caused by experimental injury or 
associated with physiological aging (3-8). Thus, NGF admin- 
istration to the brain may counteract BFCN atrophy in phys- 
iological and pathological situations, such as aging and Alz- 
heimer's disease (AD). This result, together with the fact that 
the progressive reduction of the BFCNs is responsible for the 
cognitive decline in AD patients, lays the groundwork to 
propose a therapeutic use of NGF in AD (9). 

Despite the evidence of beneficial effects of NGF adminis- 
tration, therapeutic applications of NGF have several limita- 
tions. As for many other trophic factors, the blood-brain barrier 
represents a major problem in developing a NGF-based treat- 
ment for neurological diseases because it prevents this molecule 
from reaching the brain (10, 11). Until recently, the efficacy of 
NGF in rescuing BFCN atrophy was proved by using intracere- 
broventricular administrations to animal models (10, 12, 13). 
However, this route of administration is not practical in humans. 
A first clinical trial in AD patients, attempting to directly infuse 
NGF into human brain parenchyma, was suspended because of 
peripheral side effects of NGF (14). A second clinical trial, 
during which NGF was delivered by ex vivo gene therapy into the 



brain with stereological injections, ameliorated cognitive deficits 
of AD patients (15). However, this gene therapy approach 
requires the use of risky surgical procedures to implant modified 
cells in the patients' brain parenchyma. 

The development of a less invasive delivery method for NGF 
therefore may significantly improve the prospects of NGF 
clinical uses. Frey and coworkers (16, 17) showed that NGF and 
other trophic factors, such as IGF-I, can be delivered to the brain 
via the olfactory and/or trigeminal pathways. NGF can be 
transported to the rat brain via an extraneuronal route into the 
brain via intercellular clefts in the olfactory epithelium (18). 

The demonstration that the intranasal NGF delivery was 
effective in rescuing neurodegeneration was achieved by using 
the AD 11 anti-NGF mouse model for AD. AD 11 mice express 
recombinant antibodies neutralizing NGF biological activity 
(19). As a result of NGF deprivation, AD11 mice show a 
progressive neurodegeneration characterized not only by atro- 
phy of BFCNs and nucleus of Meynert, but also by the intra- 
cellular accumulation of phosphorylated insoluble tau and the 
deposition of /3-amyloid (19-22). By using the intranasal route 
of administration, we showed that NGF could rescue, in a well 
defined time window, all of the histological hallmarks charac- 
terizing the AD -like neurodegeneration in AD 11 mice (23). 

AD 11 mice exhibit clear spatial and visual recognition mem- 
ory deficits (24, 25). Whether these deficits build up progres- 
sively, as suggested by the progression of the neurodegeneration 
(24-27) and synaptic plasticity impairment in the cortex (ref. 28 
and N. Origlia, unpublished data) and hippocampus (E. Cheru- 
bini, unpublished data), is still unknown. Also unknown is 
whether intranasal NGF administration, started after the first 
memory deficits are already apparent, is able to counteract them. 

In this study, the behavioral analysis of AD 11 mice was 
extended to show the progression of the memory deficits, by 
using the object recognition test (ORT) to investigate visual 
recognition memory and the Morris water maze (MWM) to test 
spatial memory. We found that the first memory deficits are 
revealed by the ORT, in good accordance with the precocious 
appearance of hyperphosphorylated tau in the enthorhinal cor- 
tex of AD 11 mice. Under these experimental conditions, AD 11 
mice were tested to determine whether the intranasal route of 
administration of NGF could be used to revert recognition 
memory deficits. The results indicate that this hypothesis is 
indeed the case. 
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Alzheimer's disease; ORT, object recognition test; vORT, visual ORT; MWM, Morris water 
maze; OLT, object location test; OCT, object context test; DI, discrimination index. 
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Fig. 1. Progression of vORT deficit in AD1 1 mice, (a) Schematic representation of sample and test conditions in vORT. (band c) Performance in the vORT tested 
1 h (b) and 24 h (c) aftertheend of the sample phase. The * denotes a significant (P < 0.01) difference between AD1 1 and WT mice at the given age (f test). The 
# denotes a significant difference with respect to the performance at 2 months of age for each genotype. Only AD1 1 mice show a significant decline of 
performance with age (P = 0.009 for the 1-h interval; P = 0.02 for the 24-h interval). 



Materials and Methods 

Visual ORT (vORT). The apparatus consisted of a square arena 
(60 X 60 X 30 cm) constructed in polyvinyl chloride) with black 
walls and a white floor. The objects were cubes (12 cm wide) 
made of transparent Plexiglas that contained the visual patterns 
to be discriminated. The box and objects were cleaned between 
trials to stop the build-up of olfactory cues. Mice received three 
sessions of 10-min duration in the empty box to habituate them 
to the apparatus and test room. In the vORT, each mouse was 
first placed in the box and exposed to two identical sample 
stimuli (objects Al and A2; e.g., two white cubes, 12 cm wide) 
for 5 min. This trial was called "sample phase" (Fig. la). The 
experimenter measured the total time the mouse spent exploring 
each of the two objects. Then the mouse was returned to its cage. 
During the 1- and 24-h retention interval, the experimenter 
removed both objects and replaced one of the two by its identical 
copy (A3) (to ensure that there was no carryover of olfactory 
cues) and the other object by a new one bearing a black-and- 
white pattern (object B). After a delay of 1 or 24 h, the mice were 
placed back in the box and exposed to the familiar object (A3, 
object identical to Al and A2) and to a novel test object B for 
a further 5 min. The objects were placed in the same locations 
as the previous ones. The experimenter measured again the total 
time spent exploring each of the two objects ("test period") (Fig. 
la). AD11 and age-matched wild-type (WT) mice were tested at 
2 (n = 9 and 8, respectively), 4 (n = 9 for both), and 8 (n = 10 
and 8, respectively) months of age. 

MWM. To establish whether aged AD11 mice show deficits in 
object location, the MWM test was used. A circular water tank, 
made from black polypropylene (diameter, 100 cm; height, 40 
cm) was filled to a depth of 25 cm with water (23°C) and rendered 
opaque by the addition of a small amount of milk powder. Four 
positions around the edge of the tank were arbitrarily designated 
north (N), south (S), east (E), and west (W), which provided four 
alternative start positions and also defined the division of the 
tank into four quadrants: NE, SE, SW, and NW. A circular clear 
Perspex escape platform (diameter, 10 cm; height, 2 cm) was 
submerged 0.5 cm below the water surface and placed at the 
midpoint of one of the four quadrants. Mice were trained for four 



trials per day (with an intertrial interval of 30 min). The start 
position (N, S, E, or W) was pseudorandomized across trials. The 
hidden platform remained in the SW quadrant. Mice were 
allowed up to 60 sec to locate the escape platform, and their 
escape latency was recorded. On the last trial of the last training 
day, the mice received a single probe trial, during which the 
escape platform was removed from the tank, and the swimming 
path of each mouse was videorecorded over 60 sec while it 
searched for the missing platform. Mice at 4-5 (AD11 and WT 
mice, n = 9), 7 (AD 11 and WT mice, n = 9), and 9 (AD 11 mice, 
n = 5; WT mice, n = 9) months of age were tested in the MWM. 

NGF Nasal Delivery. NGF administration was performed on an- 
aesthetized mice as follows. First, 2,2,2-tribromethanol (Sigma- 
Aldrich) was dissolved in absolute ethanol at the concentration 
of 1 g/ml and stored at -20°C in the dark. After dilution in 0.9% 
NaCl at the final concentration of 2.5%, it was injected i.p. at the 
dosage of 10 jud/g of body weight to induce anesthesia, which 
followed within 5-10 min after injection. After anesthesia, mice 
were laid on their back, with the head in upright position, as 
described in refs. 16 and 23. A 10-/xM solution of mouse NGF 
(Alomone Labs, Jerusalem) in PBS was administered intrana- 
sally to AD 11 mice, 3 /xl at a time, alternating the nostrils, with 
a lapse of 2 min between each administration, for a total of 14 
times. The administration was repeated seven times at 2-day 
intervals. During these procedures, the nostrils were always kept 
open. As control, AD11 mice were treated with PBS. 

Rescue of Behavioral Deficits by NGF. This study was divided in two 
parts. In the first part, 42 AD11 mice were used for a standard 
vORT. In the second set of experiments, 35 AD 11 mice were 
tested in a block of three experimental conditions as follows: (i) 
object (shape) recognition test (ORT); (ii) object location test 
(OLT); and (Hi) object context test (OCT). 

For the vORT habituation phase, NGF-treated and untreated 
AD 11 mice were placed in the empty arena to become familiar 
with the apparatus for 5 min. The sample phase started after 2 
min. Two cubes with white visual patterns were presented in two 
opposite corners of the arena. The mice were left to explore the 
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Fig. 2. NGF counteracts object-recognition deficits, as shown by the ORT. (a) Example of the objects used for the experiments, (b) Schematic representation 
of sample and test phase conditions in ORT. (c) Time spent in object exploration during the sample phase. There was no significant difference between the groups 
of treatment (P = 0.487). (d) Time spent exploring the familiar and the new objects in the test phase. The data show a significant difference within NGF-treated 
group (P = 0.006), whereas, for the PBS group, a significant difference was not found (P = 0.813). (Error bars represent SEM; **, P < 0.01.) 



cubes in the arena for 5 min. The choice phase (5 min) was 
executed after 1 and 24 h. 

The ORT consisted of two phases, sample and test. The 
objects to be discriminated were made of plastic, metal, and glass 
and were too heavy to be displaced by the mice (Fig. 2a). The 
objects varied in size; the largest was «6 X 6 X 10 cm, and the 
smallest was «5 X 5 X 8 cm. (Fig. 2a). During the sample phase, 
NGF-treated and untreated mice were placed into arena with 
two identical sample objects, allowed to explore for 5 min, and 
then returned to their cage for 10 min of retention interval. In 
this phase, the objects were placed in two adjacent corners of the 
arena (Fig. 2b). In the test phase, the objects were replaced with 
two new objects: one was identical to that used in the sample 
phase, whereas the other was a novel object that the mice had 
never encountered before (Fig. 2b). Mice were left to explore the 
objects for 3 min. 

For OCT, two open field arenas (60 X 60 X 30 cm) made of 
polyvinyl chloride) were used. Each arena constituted a differ- 
ent experimental condition (A and B). In condition A, horizontal 
white stripes were applied on the black walls of the arena. The 
floor was covered with rough Plexiglas (Fig. 3a). In condition B, 
the arena had gray walls, and the floor was made of Plexiglas 
(Fig. 3a). The particular object for a given test was randomly 
determined, but each object was used for only one experimental 
condition. Half of AD11 mice in each treatment group under- 
went the ORT in condition A, whereas the OTT was performed 
in condition B and vice versa. In this way, all of the mice were 
equally exposed to both environments before the OCT. The 
OCT was used to determine whether mice were sensitive to a 
change in context for a given object. Thus, previous familiariza- 
tion with two environments was fundamental. The habituation 
phase started 2 days before the block of tests and consisted of 
four sessions. In each session, NGF-treated and untreated AD11 
mice were exposed to both conditions (A and B). In the first and 
second sessions, mice were placed into the empty arena for 10 
min. In the last two sessions, they were allowed to explore the 



arena for 3 min individually. The OCT was divided into four 
sample phases and a test phase, each lasting 3 min (Fig. 3b). The 
retention interval within the sample phases was 2 min. There was 
a 5-min interval between the last sample phase and the test 
phase. In the sample phase, two objects were placed in adjacent 
corners of the arena; phases 1 and 4 comprised objects Ai and 
A 2 in environment A, and phases 2 and 3 comprised objects Bi 
and B 2 in environment B (Fig. 3b). The test phase was in the same 
environment as sample phase 4, but one of the objects (A 2 ) was 
replaced by B 2 . In this way, one object was in the same 
environment as in the sample phase, and the other object was in 
a different environment from the sample phase (Fig. 3b). To 
avoid the eventual preference for one of two environments, half 
of the mice began the sample phase in environment A with object 
Ai and A 2 and finished with the same environment with object 
Ai and B 2 and vice versa. u 
The sample phase of the OLT was exactly the same as the § 
ORT. After a delay of 1 0 min, the test phase began. In this phase, o. 
the objects were replaced by their identical copies, one of which g 
was placed in the same position, whereas the other one was * 
moved to the other adjacent corner, so that the two objects were 
now in diagonally opposite corners (Fig. 4a). Thus, in the test 
phase both objects were equally familiar, but one had changed 
location. The mice were exposed to the objects for 3 min. 

Measurements and Statistics. The standard measure for the sta- 
tistical analysis in the ORTs was the time spent exploring the two 
objects. The exploration of an object was defined as directing the 
nose to the object at a distance of <2 cm and touching it with 
the nose. Turning around, climbing over, or sitting on the object 
were not included. In the sample phase, if the exploration time 
was <3 sec, the mice were discarded from the sample. Mice also 
were excluded from the sample if they spent <1 sec exploring 
both new and familiar objects in the test phase. In the sample 
phase, the total time spent exploring each object was recorded 
and compared across different genotypes or treatments with the 
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Fig. 3. NGF counteracts object-recognition deficits, as shown by the OCT. (a) 
Three-dimensional representation of conditions A (Left) and B (Right) in OCT. 
(b) Schematic representation of sample/test conditions in OCT. Condition A is 
represented by the shaded box, and condition B is shown by the plain box. 
Objects are represented by the symbols, (c) Object exploration time in the 
sample phase. There was no difference in both groups (P = 0.600). (d) Mean 
during exploration for the old object and the target object within each group. 
A clear difference was evident in the NGF-treated group (P = 0.003). For the 
PBS group, no significant difference was found (P = 0.397). (Error bars rep- 
resent S EM; **, P<0.01.) 



Student t test and across different ages or different conditions 
with one-way ANOVA. For OCT, two-way ANOVA was used. 
In the test phase, comparisons between time spent exploring the 
new and old objects were performed within groups (analysis 
performed by using paired t tests). A discrimination index (DI) 
was calculated as the difference between the time spent explor- 
ing new and old object divided by the total time spent exploring 
the objects [(n — /)/(/ + n), where n represents new and / 
represents familiar]. DIs were compared across ages for the same 
genotype with one-way ANOVA, across the two time intervals 
for the same genotype and age with a paired t test, and across 
genotypes or treatments for the same age and time interval with 
a t test. For the MWM, performance in the learning phase was 
compared with two-way ANOVA, time versus genotype, for 
repeated measures. Performance in the probe test was compared 
with one-way ANOVA across quadrants for each genotype. 

Results 

Progression of Behavioral Deficits in AD11 Mice. The vORT revealed 
that no differences in visual recognition memory between 
2-month-old AD11 mice and age-matched WT mice could be 
shown. At this age, both groups spent significantly more time 
exploring the new object both at the 1- and the 24-h interval 
between the sample and the test phase. The DIs at 1 and 24 h did 
not differ between AD11 and WT mice. At 4 months of age, 
AD 11 mice showed a deficit, with respect to WT mice (signif- 
icantly lower DI, t test, P < 0.05), at the 24-h interval between 
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Fig. 4. NGF counteracts object-recognition deficits, as shown by OLT. (a) 
Representation of sample and test phase conditions in OLT. (b) Mean time 
spent exploring the objects during the sample phase. There was no significant 
difference between the groups (P = 0.132). (c) Mean time spent exploring the 
familiar and the new locations in the test phase. The data show a significant 
difference in both groups (NGF group, P < 0.001; PBS group, P = 0.032). (Error 
bars represent SEM; *, P < 0.05; **, P < 0.01 .) 



the sample and the test phase (Fig. lb), whereas at 8 months of 
age, the deficits were observed both at 1- and 24-h interval (Fig. 
lc, t test, P = 0.006 and P < 0.001, respectively). There was a 
clear decline of performance for AD11 mice with age for both 
1- and 24-h intervals (one-way ANOVA, P < 0.05 and P < 0.01, 
respectively). On the contrary, the performance of WT mice did 
not significantly vary as a function of age (one-way ANOVA, P > 
0.05). 

We previously showed a progressive deficit in spatial memory 
tasks in an eight-arms radial maze paradigm (N.B., unpublished 
data). In the all-arms baited version of the radial maze, a deficit 
in the learning curves appeared starting from 4 months of age. 

The MWM test showed a clear progression of spatial memory 
deficits. Five-month-old AD 11 mice were able to learn the task 
as well as their age -matched WT controls, and the probe test was 
performed equally well (data not shown). At 7 months of age, 
AD 11 mice snowed significantly slower learning with respect to 
age -matched WT mice (two-way repeated-measures ANOVA: 
genotype, P < 0.001; days, P < 0.001, interaction, P = 0.007) 
(Fig. 5a). However, there was a significantly longer time spent in 
the target quadrant in the probe test for both genotypes (one-way 
ANOVA, P < 0.001) (Fig. 5b), indicating that AD11 mice 
remembered the location of the hidden platform at this age. At 
9 months, AD11 mice showed a significantly worse performance 
in the learning curve (two-way ANOVA, genotype, P < 0.01) 
(Fig. 5c) and did not remember the location of the hidden 
platform in the probe test (Fig. 5d; P > 0.05). 

Rescue of Behavioral Deficits by NGF. vORT. Fig. 6a shows the time 
spent exploring objects in the sample phase. There were no 
group differences in exploration time (Student's t test, P = 
0.481). These data indicated that, if any significant differences 
between the groups in terms of discrimination on the test phase 
were observed, they did not result from differences in time spent 
exploring in the sample phase. In the test phase, NGF-treated 
AD 11 mice spent significantly more time with the new object 
after the 1-h (Fig. 6b) and 24-h (Fig. 6c) delay (paired t test, P = 
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Fig. 5. Progression of MWM deficit in AD1 1 mice, (a) Learning curves for WT 
and AD1 1 mice at the age of 7 months. The difference between WT and AD1 1 
mice is significant (genotype, P < 0.001; time, P < 0.001). (b) Results of the 
probe trial at 7 months of age. The platform (located in the NE quadrant 
during learning) was removed. Both WT and AD11 mice spent significantly 
moretime inthe NE quadrant (P < 0.001). (c) Learning curves for AD1 1 and WT 
mice ages 9-10 months. The difference between WT and AD1 1 is significant 
(genotype, P < 0.01; time, P < 0.01). (d) Results of the probe trial at 9-10 
months of age. The platform (located in the SW quadrant during learning) was 
removed. WT mice spent significantly more time in the SW quadrant, whereas 
AD1 1 mice did not show any significant preference for the SW quadrant (P < 
0.001 and P > 0.05, respectively). 



0.001 and P = 0.005, respectively). The placebo group did not 
show a significant difference in either 1- or 24-h delay (paired t 
test, P = 0.282 and P = 0.138, respectively). In the test phase 
(Fig. 6d), the DI data revealed that the NGF-treated group had 
an exploration index that was significantly higher than the 
PBS-treated group in 1-h delay (ANOVA, F = 8.896; P = 0.007), 
whereas in the 24-h delay there was not a significant difference 
between the two groups of animals (ANOVA, F = 1.132; P = 
0.300). 

Object (shape) recognition test. During the sample phase, analysis of 
the total time spent in exploration revealed no significant 
differences between the NGF- and PBS-treated groups (Stu- 
dent's t test, P = 0.487) (Fig. 2c). The NGF-treated group of 
AD 11 mice showed at the 10-min time interval a significantly 
greater exploration time dedicated to the novel object compared 
with the familiar object (paired t test, P = 0.006), whereas the 
PBS-treated group did not show a significant difference (paired 
t test, P = 0.813) (Fig. 2d). These data confirmed that AD11 mice 
treated with PBS failed to discriminate the novel object, whereas 
the NGF-treated AD11 mice clearly were able to discriminate 
between the two objects. One-way ANOVA revealed an effect of 
NGF treatment (F = 6.215; P = 0.025) indicated in the fact that 
the NGF-treated group of mice had a DI significantly higher 
than those of PBS group (Fig. 7). 

OCT. In the sample phase of context version, taking into account 
both environments, two-way ANOVA (treatment vs. environ- 
ment) showed that there was not a significant difference for 
either factor (P = 0.783 for treatment factor; P = 0.914 for the 
environment factor). The effect of different treatments did not 
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Fig. 6. NGF counteracts object recognition deficits, as shown by the vORT. (a) 
Time engaged in object exploration during the sample phases for vORT. There 
was not a significant difference between the groups. (Error bars represent 
SEM.) (b). Time engaged in exploring each object type (new and familiar) 
during the test phase performed 1 h after the end of the sample phase. (Error 
bars represent SEM; **, P < 0.01.) (c) Time engaged in exploring each object 
type (new and familiar) during the test phase performed 24 h after the end of 
the sample phase. (Error bars represent SEM; **, P < 0.01 .) (cf) DI in the vORT. 
Data revealed that in the 1-h delay there was significant difference between 
the groups (P = 0.007), whereas in the 24-h delay there was not a significant 
difference (P = 0.300). (Error bars represent SEM; **, P < 0.01 .) 



depend on what environment was present. There was no statis- 
tically significant interaction between both factors (P = 0.600). 
These data showed no significant preference between the two 
environments (Fig. 3c). In the test phase, one paired t test was 
used to verify the eventual difference in the exploration time 
between the object that was in the changed environment (target 
object) and the object that was in the same environment (old 
object). The results showed that the NGF-treated group was able 
to discriminate between the old and target objects (P = 0.003), 
whereas no significant difference was found in the PBS group 
(P = 0.397) (Fig. 3d). One-way ANOVA indicated that the 
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Fig. 7. DI in each experimental condition. The graph shows that the perfor- 
mance of the NGF-treated group was greater than that of the PBS group inthe 
ORT and OCT (P = 0.025 and P = 0.045, respectively). OLT revealed that there 
was not a significant difference between treated and untreated mice (P = 
0.760). (Error bars represent SEM; *, P < 0.05.) 
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NGF-treated group could discriminate between the two objects 
significantly better than the PBS group (F = 4.68 and P = 0.045) 
(Fig. 7). 

OLT. The analysis in the sample test revealed that no significant 
differences were found in the total amount of exploration time 
between the two groups of mice (Student's t test,/* = 0.132; Fig. 
4b). In the test phase, exploration times for both groups of 
treatment demonstrated a clear preference of the object placed 
in a novel location compared with the object placed in a familiar 
location (paired t test: NGF-treated group, P = <0.001; PBS 
group, P = 0.032) (Fig. 4c). The PBS-treated AD11 mice showed 
they were able to discriminate the novel location from the 
familiar location. In fact, one-way ANOVA between the groups, 
considering the DI, revealed that there was no significant 
difference between groups of treatment (F = 0.096 and P = 
0.760) (Fig. 7). 

Discussion 

The main findings of this study were that AD 11 mice showed a 
progressive behavioral deficit and that NGF intranasal delivery 
increased the ability of AD 11 mice in remembering a familiar 
object and in associating an object to a particular context. 

We used tasks that exploited the rodents' spontaneous pref- 
erence for novel objects, which were first introduced by Enna- 
ceur and Delacour (29). The introduction of these tests allowed 
overcoming the disadvantages of lengthy training procedures. 
More importantly, the ORT strongly relies on visual memory. 
Visual recognition memory is currently under examination as a 
potential early diagnostic marker of AD, because neurofibrillary 
tangles initially develop in subregions of the parahippocampal 
gyrus known to be important for visual recognition memory (24, 
25, 30, 31). In this context, it is very interesting that in AD11 
mice, the first memory deficits become apparent during the 
vORT, not in the MWM, in line with the first appearance of 
hyperphosphorylated tau in the entorhinal cortex (26). ORTs 
have the advantage that, in addition to examining the exploration 
of a novel object, they can be used to examine other aspects of 
recognition, such as object location and context. Thus, both 
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spatial and nonspatial working memory can be tested by using 
the same paradigm (22), allowing a more stringent comparison 
between deficits in spatial and nonspatial memory. 

In this study, we show that AD 11 mice display progressive 
behavioral deficits in visual recognition and spatial memory. 
Although impairment in object recognition starts at 4 months of 
age, deficits in spatial memory appear later (9 months of age), 
as assessed by using the MWM. In keeping with these latter 
findings, the OTT performed at 6 months of age did not reveal 
any impairment in AD 11 mice. In addition, AD 11 mice were 
found to be insensitive to the combination of object and envi- 
ronment. Thus, unlike normal rats and mice (32), but as in rats 
with hippocampal damage (27), AD 11 mice cannot link the event 
of exploring and experiencing an object with the contextual cues 
surrounding that particular object, not being able to provide 
parallels with episodic memory. The deficits in object and 
contextual recognition both were counteracted by the intranasal 
administration of NGF. 

In conclusion, although it was already shown that the intra- 
nasal administration of trophic factors, such as insulin, can 
improve memory and mood in healthy (33) and AD subjects 
(M. Roger and S. Craft, unpublished data), there was no 
evidence for such an effect after NGF intranasal delivery. Thus, 
to our knowledge, this study provides, for the first time, the 
evidence that the noninvasive intranasal administration of NGF 
determines not only the rescue of the main hallmarks of AD-like 
neurodegeneration, such as phosphotau and /3-amyloid (23), but 
also counteracts functional cognitive deficits. In the context of 
the emerging role that NGF and its precursors could play in the 
onset and therapy of AD, these results highlight the possibility 
that the olfactory pathway can be a promising, noninvasive route 
of administration for the delivery of NGF agonists, allowing a 
long-term treatment of AD. 
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Abstract 

Continuous intracerebroventricular or intrathecal infusions of neurotrophic factors have been reported to prevent neuronal degeneration, 
stimulate axonal sprouting and ameliorate behavioral deficits in various models of CNS injury and aging. In the present study, the ability 
of intrathecal infusions of recombinant human nerve growth factor (NGF) to reduce functional deficits following spinal cord ischemia was 
investigated. Adult rabbits underwent intrathecal cannulation and continuous infusions of either 300 jig/ml recombinant human NGF or 
artificial CSF (vehicle) at a rate of 143 |xl/day for 7 days prior to induction of spinal cord ischemia. Continuous infusions were maintained 
after induction of ischemia. Four days later, both NGF-treated and vehicle-infused subjects showed a significant amelioration of functional 
motor deficits compared to lesioned, non-infused subjects (P<0.05). The average duration of tolerated ischemia increased from 23.4±1.8 
min in lesioned, non-infused subjects to 35.5±3.l min in lesioned, artificial CSF-infused subjects and 35.6±4.7 min in NGF-infused 
subjects (mean±S.E.M.). Significantly elevated NGF protein levels were attained within the spinal cords of both NGF-treated subjects and 
artificial CSF-infused subjects, although levels were substantially higher in NGF-treated subjects (9.8±3.8 ng/g in NGF-infused vs. 
2.0±0,4 ng/g in vehicle-infused and only 0.4±0.2 ng/g in lesioned, non-infused animals). These findings indicate that the process of 
intrathecal cannulation and fluid infusion elicits alterations in the spinal cord environment that are neuroprotective, including spontaneous 
elevations in NGF levels. © 2000 Elsevier Science B.V. All rights reserved, 

Theme: Development and regeneration 

Topic: Neurotropic factors: biological effects 
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1. Introduction 

Neurotrophic factors prevent neuronal degeneration and 
promote axonal growth in responsive cell populations in 
various regions of the developing and adult mammalian 
nervous system [7], Neurotrophic factors such as nerve 
growth factor (NGF) help to maintain normal neuronal 
function and also sustain the phenotype of neurons follow- 
ing injury to the nervous system. Neurotrophin levels 
become elevated in some regions of the nervous system 
after trauma, as a result of either increased production or 
diminished utilization by responsive neurons [22]. For 
example, Schwann cells in injured peripheral nerves 



♦Corresponding author. Tel.: +1-858-534-8857; fax: -ft-858-534- 
5220. 

E-mail address: mluszyns@ucad.edu (M.H. Tuszynski). 



upregulate expression of nerve growth factor (NGF), 
brain-derived neurotrphic factor (BDNF) and ciliary neuro- 
trophic factor (CNTF) mRNA and increase NGF protein 
production [18]. NGF levels rise in the hippocampus 
following axotomy of cholinergic inputs, presumably as a 
result of reduced uptake and retrograde transport by 
cholinergic terminal [15]. NGF administration prevents 
degeneration of septal cholinergic neurons after axotomy 
[13], and implantation into the brain of fibroblasts that are 
genetically modified to secrete NGF reduces histopatholo- 
gy following axonal transection 129] or excitotoxic injury 
[81. NGF infusion has also been shown to attenuate 
cognitive impairments but not motor impairments in rats 
after traumatic brain injury [26]. NGF levels are elevated 
following cerebral ischemia in the hippocampal CA1 
region and decreased in other brain regions [12], and 
administration of exogenous NGF can reduce neuronal 
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necrosis following cerebral ischemia [25,27,34]. It there- 
fore appears that the production of neurotrophic factors is a 
feature of several types of CNS injury, and that neuronal 
injury may be attenuated by this response. 

Neurotrophins have often been delivered to the CNS by 
cannulating the ventricular system [13,16,25,27] or in- 
trathecal space [11,31], or by intraparenchymal infusion 
[26], Although NGF appears to ameliorate the conse- 
quences of neuronal injury, the infusion process itself may 
damage the CNS or elicit inflammatory processes in the 
CNS, potentially resulting in upregulated production of 
substances such as neurotrophic factors [6,19,20]. Neuron 
survival after injury has been improved by infusion of 
artificial cerebrospinal fluid alone [10,25,27], as well as by 
implantation of atelocollagen pellets directly into the 
hippocampus [34]. This protective effect is analogous to 
findings that the placement of sham grafts into the striatum 
can induce behavioral recovery after MPTP-induced dopa- 
mine neuron lesions in primates, mimicking the beneficial 
effects of fetal tissue grafts [6,20]. It has been speculated 
that a mechanism of recovery following tissue grafting to 
the CNS may be elicilalion of neurotrophin production in 
the host brain resulting from limited damage of the 
grafting procedure itself [6,20]. 

In the present study, we sought to determine whether 
central infusions of nerve growth factor (NGF) or artificial 
cerebrospinal fluid (aCSF) would ameliorate functional 
deficits in a well-characterized model of adult rabbit spinal 
cord ischemia [3,35]. Although NGF appears to limit 
hippocampal ischemic injury, the hippocampus is more 
sensitive to ischemic damage than any other brain regions 
and is therefore unrepresentative of broader neuronal 
populations. Thus, it is not clear whether NGF protection 
also extends to other CNS cell groups. Various neuronal 
populations exhibit specificity for different neurotrophic 
factors; for example, basal forebrain cholinergic neurons 
are primarily responsive to NGF, dopaminergic neurons to 
glial cell-line derived neurotrophic factor (GDNF), and 
motor neurons to CNTF, BDNF or GDNF (see e.g. Refs. 
[10,17,23,24,30-33]). In the spinal cord, low-affinity 
neurotrophin receptors have been detected on injured but 
not intact motoneurons of the spinal cord [14], suggesting 
that motor neuronal responses to injury may be regulated 
by growth factors. Further, sensory projections to the 
spinal cord express both low- and high-affinity neuro- 
trophin receptors throughout life, and robustly extend new 
axons when provided with NGF after injury [28]. Finally, 
reactive astrocytes and microglia express neurotrophins 
after injury in the CNS, suggesting that more diverse and 
widespread effects of neurotrophins may act to influence 
spinal cord responses to injury [1,5,21], 

To date, few studies that have examined the effects of 
NGF administration in models of CNS ischemia have also 
evaluated functional outcomes, despite several reports of 
NGF-induced neuroprotection. In the present experiment, 
we evaluated functional neurological outcome 18 h and 4 
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days after reversible spinal ischemia in rabbits. The 
intrathecal space was cannulated and infused with NGF or 
aCSF continuously for 3 days prior to induction of 
ischemia, and continuously foT 4 days thereafter. Func- 
tional outcomes and NGF levels in the spinal cords were 
then assessed. 



2. Materials and methods 

11. Experimental subjects 

Male New Zealand White rabbits (2-3 kg) were in- 
dividually housed and provided with food and water ad 
libitum until the morning of surgery. 

2.2. Infusion solutions 

Infusion vehicle consisted of a phosphate-buffered artifi- 
cial cerebrospinal fluid (aCSF) containing 150 mM NaCl, 
1.8 mM CaCI 2 , 1.2 mM MgS0 4 , 2.0 mM K 2 HP0 4 , and 
10,0 mM glucose adjusted to pH 7.4. Recombinant NGF 
(300 g/ml in aCSF; generously supplied by Gen en tech) 
was administered to 21 animals, and 21 subjects received 
infusions of aCSF alone. Additional subjects [34] under- 
went spinal ischemia /reperfusion without intrathecal can- 
nulation or infusions. 

2.3. Placement of infusion tubing 

Rabbits were anesthetized with inhaled halothane (5% 
induction, 2% maintenance by face mask). A #15 blade 
was used to incise the posterior pericervical skin layers, 
and muscle layers were bluntly dissected free from the 
region of the cervico-cranial junction to the level of the 
posterior spinal fascia. The fascia was then carefully 
incised with a #11 blade, creating a window through 
which a flexible Tygon catheter (outer diameter 0,03 inch) 
was inserted into the intrathecal space. A 15-cm length of 
tubing was gently advanced into the subarachnoid space, 
leaving the catheter to rest at the approximate T10 level of 
the spinal cord. Great care was taken to avoid direct 
damage to the spinal cord by halting insertion of the 
catheter if any resistance was encountered during the 
placement procedure. If resistance was encountered, the 
catheter was withdrawn for a distance of approximately 2 
cm, then gently advanced again, Histological studies have 
shown that this procedure produces no tissue damage. 
Animals that sustained direct spinal cord damage from the 
insertion procedure were detected by observing locomotor 
function (ability to stand and walk normally) upon re- 
covery from anesthesia; any animals with functional 
deficits were excluded from the study. Only subjects with 
normal locomotor function were included in subsequent 
studies of ischemia (n=21 NGF-treated, n=21 aCSF- 
treated, and n =24 lesioned/ non-infused controls). 
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Upon completion of catheter insertion, the proximal end 
of the infusion tubing was connected to an Alzet Model 
2ML2 mini-osmotic pump containing the experimental 
solution. The pump was placed subcutaneous! y in the 
infrascapular space of the animal and continuously de- 
livered the experimental substance of interest at a rate of 
71.4 jil /day. 

2.4. Placement of aortic ligature device 

Three days after placement of the intrathecal infusion 
catheter, experimental animals underwent a second sur- 
gical procedure for placement of the descending aorta 
ligature device, as previously described [36]. Animals were 
reanesthetized with halothane, and the abdominal aorta 
was exposed at the level of the renal arteries using a 
paramesial incision. Small-diameter plastic tubing (outer 
diameter 0.03 inch) was placed around the aorta just distal 
to the renal arteries. The ends of the tubing were threaded 
through a small plastic button and then through a plastic 
tube of larger diameter (outer diameter 0.125 inch), 
forming a snare ligature. The incision was closed around 
the large-diameter tubing so that the free ends of the tubing 
were accessible externally. The animals were allowed to 
recover for at least 2 h, and ail displayed normal behavior 
prior to induction of spinal ischemia. 

2.5. Induction of spinal cord ischemia 

The animals were restrained and aortic occlusion was 
performed by pulling and clamping the small tubing 
around the aorta. Complete paraplegia was observed in all 
animals within 3 min of occlusion, Occlusion durations 
encompassing all grades of neurological outcome, from 
complete recovery to permanent paraplegia (15-50 min of 
occlusion), were selected (see Fig. 1). At the end of the 
ischemic period, the tubing was released to restore blood 
flow through the aorta. The tubing was removed, the 
abdominal wall closed with a suture that was placed during 
the surgery, and the skin closed with one or two wound 
clips. Animals were returned to their home cages and 
maintained for 4 days. Rabbits that died within this period 
were excluded to ensure that no animals with aortic 
thrombosis were included in the data analysis. All enzyme- 
linked immunosorbent assay (ELISA) samples were ana- 
lyzed simultaneously; thus, CSF and pump samples from 
NGF-treated subjects were diluted to fall within anticipated 
NGF ranges of samples from vehicle-infused and intact 
subjects. 

Neurological function was evaluated at 18 h and 4 days 
after ischemia/ reperfusion by an observer blinded to the 
duration of ischemia and to the treatment group. Animals 
were classified by the presence or absence of paraplegia, as 
previously described [36], This functional outcome model 
has been validated in several previous studies as a reliable 
means of assessing neuroprotection after ischemia. Ani- 



mals were classified as 'paraplegic' if they showed no 
motor response to noxious stimuli in the hindlimbs and 
were completely incontinent. Rabbits were classified as 
'not paraplegic' either if they were normal, or had any 
motor function of the hindlimbs, including motor function 
that was only modest in extent. Immediate postoperative 
continence of bladder function was required for animals to 
be classified in the 'not-paraplegic' group. In cases where 
the distinction between 'paraplegic' and 'not paraplegic' 
was uncertain, the animal was classified as paraplegic. 
Thus, the functional evaluation scale was conservatively 
biased. 

Prior to sacrifice, animals were anesthetized with 
halothane, and 3-cc CSF fluid samples were withdrawn 
from the cisterna magna by transdermal CI -2 puncture. 
Pumps were removed from the backs and residual fluid 
volumes were measured to ensure adequate pump empty- 
ing during the experimental period. Animals were then 
killed using Beuthansia-D (Schering-Plough, Kenilworth, 
NJ), and lower thoracic spinal cords were extruded onto 
foil cooled on dry ice. The spinal cords were stored at 
-80°C. NGF levels were assay by two-site ELISA in 
residual pump fluid, CSF, and lower thoracic spinal cord 
(T10 level), as previously described [331. 

2.6. Data analysis 

Neurological damage as a function of ischemic insult 
was analyzed using quantal dose-response analysis tech- 
niques described previously [32,37]. A computer was used 
to fit logistic (s-shaped) curves to the fraction of abnormal 
animals as a function of ischemic duration. The ischemic 
duration necessary to produce permanent paraplegia in 
50% of a group of subjects was computed for each 
experimental group (the BT 50 , for Effective Time). Phar- 
macological manipulations that improve neurological out- 
come increase ET 50 , generating a shift of the dose-re- 
sponse curve to the right (see Fig, 1). The quantal bioassay 
allows the evaluation of dose-response curves spanning a 
wide degree of ischemic insult in an efficient manner and 
using a limited number of subjects, as previously described 
137]. 

The ET^s of the control, aCSF, and NGF groups were 
examined using one-way analysis of variance. A signifi- 
cant analysis of variance was followed with Tukey's test 
for multiple comparisons, with / 3 <0.05 considered signifi- 
cant NGF ELISA values amongst groups were compared 
using analysis of variance, and post-hoc comparisons were 
made using Fisher's least square difference. 

3. Results 

3.1. Functional studies 
Compared to non-infused control subjects, intrathecal 
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Fig. 1. Probability of paraplegia increases with increasing duration of 
spinal occlusion, For each group, the ischemia duration associated with a 
50% probability of paraplegia (the ET S0 , for Effective Time), and the 
S.EM, are calculated. Intrathecal infusion of artificial cerebrospinal fluid 
(aCSF) or nerve growth factor (NGF) for 3 days prior to and 4 days 
following ischemia /reperfusion increased the duration or ischemia re- 
quired lo produce permanent paraplegia. NGF administration was no 
more effective than infusion of aCSF alone. 




NGF- ACSF- Non- 
Infused Infused Infused 

Fig. 2. NGF levels in spinal cord 4 days after induction of ischemia, as 
determined by ELISA. 



infusion of aCSF or NGF improved neurological outcome 
following reversible spinal ischemia and reperfusion (Fig. 
1). At the 18-h evaluation, the ET 50 ±S.E.M. were as 
follows: control non-infused, 25 ,7 ±1.9 min; control aCSF- 
infused, 37.8±3.0 min; NGF-infused, 33.0514.9 min (P< 
0.05). Post-hoc comparison using Tukey's test at the 18-h 
evaluation indicated that the ET^ in the aCSF-infused 
group increased significantly compared to the non-infused 
lesion group; although the NGF group displayed a trend 
toward improved outcome, it was not significant. Four 
days after ischemia/ reperfusion, significant improvement 
was observed in both the NGF-infused and aCSF-infused 
groups compared to the lesioned, non-infused group, The 
ET^s were: control non-infused, 23. 37 ±1.8 min; control 
aCSF-infused, 35,5±3.1 min; NGF-infused, 35.6±4.7 min 
(P<0.05). 

ELISA measurement of NGF levels in freshly dissected 
spinal cords from the T10 region demonstrated signifi- 
cantly more NGF in infused subjects than in non-infused 
controls; 9,8 ±3.8 ng NGF/g in NGF-infused subjects, 
2.0±0.4 ng NGF/g in aCSF-infused subjects and 0.4±0.2 
ng NGF/g in lesioned, non-infused animals (P=0.02). 
Post hoc analysis indicated that all treatment groups 
differed significantly from one another with respect to 
NGF levels (Fig. 2). NGF ELISA measurements in the 
CSF of NGF-infused animals exceeded 600 ng/jxl (upper 
limits of assay condition), compared to undetectable levels 
in aCSF-infused subjects and non-infused subjects, Simi- 
larly, NGF levels exceeded 600 ng/ul in residual pump 
fluid from NGF-infused subjects, and was undetectable in 
residual pump fluid withdrawn from aCSF- filled pumps. 



4. Discussion 

In the present experiment, cannulation of the intrathecal 
space and continuous infusion of either artificial CSF or 
human NGF resulted in significant neuroprotection after 
transient spinal cord ischemia. Artificial CSF alone or 
NGF in artificial CSF were administered continuously, 
beginning 3 days prior to induction of ischemia and 
continuing until sacrifice 4 days later. Both groups ex- 
hibited significantly improved functional outcomes com- 
pared to animals that were subjected to ischemia and did 
not receive intrathecal instrumentation. Interestingly, levels 
of NGF were elevated in the ischemic spinal cord of both 
groups of cannulated animals, and were not elevated in the 
cords of animals that received lesions without instru- 
mentation. Thus, the process of intrathecal instrumentation 
itself appears to have elevated neurotrophin levels in the 
ishemic spinal cord to levels sufficient to elicit neuro- 
trophin production, a finding that correlated with enhanced 
functional recovery. Although NGF levels were approxi- 
mately 5 -fold greater in the cords of NGF-infused subjects, 
the extent of functional recovery in these animals was not 
greater than that observed in lesioned, aCSF-infused 
subjects. These findings suggest that modest, physiological 
rises in neurotrophin levels may be sufficient to improve 
outcomes after spinal cord ischemia, 

These findings are consistent with previous studies 
demonstrating that infusion of artificial CSF improves 
outcome following injury [25,27]. The mechanism by 
which neuroprotection occurs in these studies is not 
known. At least two possibilities must be considered: the 
process of cannulating the intrathecal space may mildly 
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traumatize the spinal cord and the spinal nerve roots, 
potentially leading to secretion of inflammatory molecules, 
cytokines, or trophic factors that promote neuroprotection 
from the subsequent ischemic deficit. Following CNS 
trauma, molecules possessing neurotrophic activity are 
detectable in the CNS [19]. Previous studies by Kordower 
[6] and Bankiewicz [20] have reported partial recovery of 
motor function in hcmi parkinsonian monkeys resulting 
simply from lesion placement in the brain. In these studies, 
it was hypothesized that minor trauma in the brain induced 
production of neurotrophic factors and neuritic sprouting 
that could have mediated partial functional recovery. The 
present findings support natural growth factor elevation 
after trauma in the CNS as a potential mechanism of 
generating functional recovery. Nervous system injury also 
stimulates cytokine release that may be neuroprotective 
[4]. Thus, the insertion of a catheter into the thecal space 3 
days before injury in the present experiment could have 
primed the system to express neuroprotective molecules 
that subsequently reduced the extent of ischemic deficit. 
This finding was not observed, however, in a previous 
study in which the intrathecal space was cannulated and 
drugs were administered as a single injection rather than as 
a sustained infusion [2]. Thus, the presence of an ongoing 
stimulus may be required to elicit the release of neuro- 
protective substances. The rate of fluid infusion in this 
model is sufficiently low (71.4 u-l/day) compared to the 
volume and rate of CSF formation in rabbits that fluid flow 
from the catheter was unlikely in itself to have produced 
damage; rather, an irritative effect of the tubing would 
appear to be a more likely explanation for the observed 
effect. Rabbit serum (0.1%) was added to the infusate 
solution in both NGF-treated and control-infused animals, 
and it is possible that it contained a neuroprotective 
substance. In vitro studies indicate improved cell viability 
in the presence of serum. However, a number of previous 
in vivo studies have failed to yield evidence of mor- 
phological neuronal protection after infusions of artificial 
CSF containing serum into the cerebral lateral ventricles, 
suggesting that serum does not mediate the protective 
effect [9,13,16,30]. 

An investigation of structural (morphological) changes 
underlying the observed functional effect is necessary to 
gain further insight Into mechanisms underlying the pres- 
ent findings. The increased functional recovery with eleva- 
tion in neurotrophic factor levels suggests that examination 
of neuronal number and lesion size would be informative 
and will be the subject of future studies. 

This study suggests that endogenous mechanisms may 
be capable of providing significant neural protection after 
CNS ischemia or injury if an adequate stimulus is provided 
for the activation of these mechanisms, Whether such a 
stimulus must be provided before the neural insult, as was 
the case in the present study, or can be provided after the 
onset of injury, remains to be determined. A fruitful 
strategy for enhancing neural recovery after CNS injury in 



general will be the search for substances that can stimulate 
the activation of endogenous repair mechanisms, such as 
trophic factors, to mimic findings of the present study. 
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Article abstract-^ To evaluate the safety and efficacy of recombinant human nerve growth factor (rhNGF) in 

HIV-associated sensory neuropathy (SN) within a multicenter, placebo-controlled, randomized trial (ACTG 291). Back- 
ground: SN affects 30% of individuals with AIDS, is worsened by neurotoxic antiretrovirals, and its treatment is often 
ineffective. NGF is trophic for small sensory neurons and stimulates the regeneration of damaged nerve fibers, Methods; A 
total of 270 patients with HIV-associated SN were randomized to receive placebo, 0.1 ^g/kg rhNGF, or 0.3 \xgfkg rhNGF 
by double-blinded subcutaneous injection twice weekly for 18 weeks. The primary outcome was change in self-reported 
neuropathic pain intensity (Gracely Pain Scale). Secondary outcomes included an assessment of global improvement in 
neuropathy by patients and investigators, neurologic examination, use of prescription analgesics, and quantitative sensory 
testing. In a subset, epidermal nerve fiber densities were determined in punch skin biopsies. Results: Both doses of NGF 
produced significant improvements in average and maximum daily pain compared with placebo. Positive treatment effects 
were also observed for global pain assessments {p = 0,001) and for pin sensitivity (p = 0.019), No treatment differences 
were found with respect to mood, analgesic use, or epidermal nerve fiber densities. Injection site pain was the most 
frequent adverse event, and resulted in unblinding in 39% of subjects. Severe transient myalgic pain occurred in eight 
patients, usually from accidental overdosing. There were no changes in HIV RNA levels or other laboratory indices. 
Conclusions: We found a positive effect of recombinant human nerve growth factor on neuropathic pain and pin sensitivity 
in HIV-associated sensory neuropathy, rhNGF was safe and well tolerated, but injection site pain was frequent. Key 
words: Nerve growth factor— HIV-associated sensory neuropathy— Pain— Analgesic— Dideoxynucleoside. 
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Patients with HIV infection frequently develop sen- 
sory neuropathy (SN), which usually presents with 
pain and paresthesias in the feet. 1 - 2 The annual inci- 
dence of HIV-associated sensory neuropathy (HIV- 
SN) is 2%. 3 Specific dideoxynucleoside antiretroviral 
agents can trigger or exacerbate this neuropathy; 
thus, HTV-SN can limit the continued use of these 
agents. 4 5 To date, the only treatments available for 
HIV-SN have been symptomatic, including pain- 
modifying agents, such as antidepressants, anticon- 
vulsants, or, in severe cases, narcotic analgesics. 



Controlled trials in HIV-associated SN have failed to 
demonstrate significant effects on neuropathic symp- 
toms or pain levels. 6,7 

The pathology of HIV-SN is a length-dependent 
degeneration of peripheral nerve fibers, with promi- 
nent involvement of small myelinated and unmyeli- 
nated fibers subserving nociception. 8 Whereas the 
pathogenesis remains unknown, this damage to 
small sensory nerve fibers presents a potential tar- 
get for nerve growth factor (NGF), which is neurotro- 
phic for nociceptive fibers. 911 NGF is critical within 
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both the developing and the mature nervous sys- 
tems, and is produced in the damaged peripheral 
nerve to stimulate collateral sprouting. 12 Experimen- 
tally, recombinant human NGF (rhNGF) improved 
diabetic and chemotherapy-induced neuropathies, 13 
and had positive effects on nerve fiber function in a 
Phase 2 trial for diabetic neuropathy, 14 although a 
recently analyzed Phase 3 trial did not confirm this 
(A. Vinik, personal communication, May 1999), Con- 
sequently, in 1996 the AIDS Clinical Trials Group 
began a controlled clinical trial of rhNGF in patients 
with HIV-SN. 

Methods. Subject selection. Adults with HlV-associated 
SN, confirmed by a neurologist using criteria developed by 
the American Academy of Neurology, 15 were included. 
Physiologic abnormalities on nerve conduction testing or 
quantitative sensory testing (QST) were not incorporated 
as inclusion criteria. At baseline, patients were required to 
have neuropathic pain of at least ''mild or moderate inten- 
sity" with no other identifiable cause of peripheral neurop- 
athy such as diabetes mellitus, vitamin B 12 deficiency, or 
previous exposure to neurotoxic substances, Subjects with 
cognitive impairment or other conditions that might have 
prevented the accurate completion of self-rating pain 
scores were excluded. Subjects were stratified by use of 
didanosine (ddl), zalcitabine (ddC), or stavudine (d4T) as 
follows: current use, use discontinued between 8 and 26 
weeks before randomization, use discontinued at least 26 
weeks before randomization, or never used. Patients were 
excluded from entry if they had discontinued dideoxynucleo- 
sides within 8 weeks of randomization. Changes in dideoxy- 
nucleoside use during the study were permitted, but occurred 
in only 10 patients. 

Study design. The double-blind phase of this study in- 
cluded an 18-week drug treatment phase followed by a 
4-week washout period. Beginning in July 1996, subjects 
were enrolled at 17 sites, and randomly assigned to one of 
three arms in an equal fashion as follows: 0.1 |ig/kg 
rhNGF self-administered subcutaneously twice weekly, 0.3 
u-g/kg rhNGF self-administered subcutaneously twice 
weekly, or rhNGF placebo self-administered subcutane- 
ously twice weekly. Randomization was through the use of 
computer-generated permuted blocks with one stratifica- 
tion factor and balanced treatments within each institu- 
tion. The centralized data management organization 
generated the randomization codes (L.M.), which were 
transmitted to site pharmacists, and allocation was com- 
pletely concealed from the site personnel except for "emer- 
gency" allocation information maintained with each site 
pharmacist. Study visits were required every 2 weeks to 
check on injection site symptoms and to review the accu- 
racy of the pain logs. Neurologic examinations were per- 
formed at initial screening and at weeks 6, 12, 13, and 22. 
Blinding questionnaires were administered at weeks 6, 12, 
18, and 22. The questionnaire asked, "Based on your expe- 
rience in the study, do you think that you are receiving the 
study treatment rhNGF or the placebo?" Reasons for an- 
swers were elicited, e.g., response or treatment-related 
side effects. The results from week 18 were utilized in the 
analysis of unblinding. Laboratory studies were performed 
at baseline and at weeks 4 and 18. After completion of the 
double-blind phase, subjects were permitted to enroll in a 



Table 1 Gracely Pain Scale verbal descriptors of pain intensity 


and assigned lc 


>g units used in analysis 1 "'' 7 




Descriptor 


Pain intensity 


Log unit 


A 


Nothing 


0 


B 


Faint 


0,36 


C 


Very weak 


0.40 


D 


Weak 


0.46 


E 


Very mild 


0,59 


F 


Mild 


0.74 


G 


Moderate 


1.09 


H 


Barely strong 


1.10 


I 


Slightly intense 


1.33 


J 


Strong 


1.36 


K 


Intense 


1.54 


L 


Very intense 


1.64 


M 


Extremely intense 


1.77 



48-week open-label phase with active treatment. The re- 
sults from this component will be reported separately. In- 
formed consent, approved by individual institutional review 
boards, was obtained. A Safety Monitoring Committee, coor- 
dinated through the Division of AIDS, National Institute of 
Allergy and Infectious Diseases, received monthly reports on 
adverse events and laboratory toxicities. 

Primary and secondary outcome measures. The 
Gracely Pain Scale was used to assess the intensity of 
neuropathic pain (table 1). Subjects selected verbal de- 
scriptors to match their neuropathic pain from a 13-item 
scale developed and validated in earlier studies, 718 - 17 Sub- 
jects were instructed to record both average and peak/ 
maximum neuropathic pain in a diary on a daily basis. The 
verbal descriptors were converted into log units using pre- 
viously published values, 7 - 16 and a weekly average was de- 
rived for statistical analyses. The primary efficacy 
endpoint was the change in self-reported pain intensity 
(average daily pain) measured using this scale, from base- 
line to week 18. Secondary endpoints included the change 
in peak/maximum daily pain intensity and global assess- 
ments of neuropathic pain by subjects and examining neu- 
rologists. Neurologic examination findings were assessed 
using a modification of the Neuropathy Impairment Score 
for Lower Limb. 18 The pin sensation score was derived 
from the neurologist's examination as follows: normal pin 
sensation or distal hyperalgesia (scored as 1); diminished 
sharp sensation (scored as 2); and inability to sense sharp 
(scored as 3). The change in pin sensitivity was determined 
by subtracting the baseline score from the week 18 score. 
We measured vibratory and cooling detection thresholds 
using the Computer Assisted Sensory Evaluator (CASE- 
IV) (Stillwater, MN) system to quantify vibratory and cool- 
ing thresholds in fingers and toes, The 4-2-1 algorithm was 
used 13 and two separate tests were run at each time point 
with the scores averaged. Use of prescription analgesics 
and scores of mood (Profile of Mood States [POMS]) were 
also recorded. As part of the monitoring of adverse events, 
we assayed plasma HIV RNA levels at baseline and weeks 
4 and 18 using the Roche Amplicor kit (Indianapolis, IN), W 
In a subset of 60 subjects, we determined epidermal 
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Total Randomized 
(N*270) 



JZ 



Placebo 
(N=90) 
Never started Rx (N=0) 



I 



Withdrawn (N=8)* 
Other (N=1) 
Ineffective treatment (N*0) 
Lost to follow-up (N=0) 



Completed study 
(N-81) 



0.1ug/kgNGF 
(N=90) 
Never started Rx(N=2) 

I 



Withdrawn (N=11) 
Other (N=3) 
Ineffective treatment (N=0) 
Lost to follow-up (N=2) 



Completed study 
(N*74) 



1_ 



0.3 ug/kg NGF 
(N=90) 
Never started Rx (N-1) 

I 



Withdrawn (N=9> 
Other (N=1) 
Ineffective treatment (N=0J 
Lost to follow-up (N=Q) 

ZTZ 



Completed study 
<N=80) 



Figure 1. Trial profile: disposition of 
subjects, ^Includes one death. NOF = 
nerve growth factor. 



nerve fiber densities using punch skin biopsies at base- 
line and week 18, The microscopist was blinded to treat- 
ment assignment and to the order of specimens, and 
used previously published quantitation techniques. M - 21 

Statistical analyses. The primary efficacy analysis in- 
volved comparisons of changes in average daily pain inten- 
sity from baseline to week 18 among the three treatment 
groups, stratified by patterns of baseline dideoxynucleo- 
side use (current use, recent use, remote use, or nonuse), 
and was adjusted by baseline daily average pain levels. A 
last observation carried forward (LOCF) approach was 
used to impute missing data pertaining to weeks 1 through 
18. Similar analyses based only on existing data were also 
performed. Results were similar in both analyses. Thus, 
there was no evidence that patient dropout was related to 
the study outcome. All reported results are from the LOCF 
analysis. The resulting statistical model was a two-way 
analysis of covariance (ANCOVA), In cases where a statis- 
tically significant overall treatment effect was observed, 
post hoc, pairwise comparisons between low-dose NGF and 
placebo and high-dose NGF and placebo were carried out. 
Significance levels were adjusted for the multiple compari- 
sons by the Dunnett test. 22 Differences among treatment 
groups with respect to non-normally distributed measures 
(e.g., QST) were tested using the Kruskal-Wallis test, 
whereas pairwise differences were compared by the Wil- 
coxon's rank sum test, at a Bonferroni-adljusted significance 
level. Finally, comparisons involving unordered categorical 
variables were performed with Fisher's exact test. Trends 
in ordered categorical variables were tested with the 
Mantel-Haenszel x 2 test adjusted for dideoxynucleoside 
use. All statistical tests were two-tailed, and 95% confi- 
dence intervals are provided for the primary endpoints. 

Results. Baseline characteristics of study subjects. A total 
of 270 subjects were enrolled into the double-blind phase 

of the trial at 17 sites (figure 1), Table 2 provides demo- 
graphic characteristics at baseline, showing that the treat- 
ment groups were well balanced with respect to age, sex, 
baseline plasma HIV RNA levels and CD4 + lymphocyte 
count, history of injection drug use (8.9% overall), use of 
opioid analgesics, and severity of neuropathic pain. The 
treatment groups were also well balanced with respect to 
baseline abnormalities on QST and use of dideoxynucleo- 
side antiretrovirals. Only 38% of subjects were using opi- 



oid analgesics at entry, and most of the participants were 
using either nonopioid analgesics or adjunctive pain- 
modifying agents. At baseline, among all subjects, the 
mean Gracely value for average daily pain was 1.00 log 
units (95% CI 0.96 to 1.04), corresponding approximately 
to "moderate" neuropathic pain, The median Cooling De- 
tection Threshold for the foot was at the 96th percentile 
and the distribution of QST results was comparable among 
the groups. Overall, 44% of subjects had values within a 
normal range, i.e., below the 95th percentile. 23 Fifty-five 
percent of placebo recipients were abnormal, compared 
with 58% of the 0.1 |xg/kg group and 52% of the 0.3 u-g/kg 
group (x 2 0.561, p = 0.765). Epidermal nerve fiber densi- 
ties in 60 subjects were 18.2 (16.68 to 19.72) fibers/mm at 
the thigh and 8.34 (7.06 to 9.69) fibers/mm at the distal 
calf, compared with control values of 21.1 and 13.8, respec- 
tively. 24 Forty-three percent had values at the distal part 
of the leg below the tenth percentile cutoff. 

Study experience. A total of 226 subjects (85%) com- 
pleted the treatment period, 44 (15%) discontinued prema- 
turely, and 3 (1%) were randomized but never treated. 
Table 3 details the treatment experience among the three 
treatment groups. Only two subjects (both in the 0.1 u.g/kg 
group) discontinued because of protocol-related toxicity. 

Effects on neuropathic pain intensity. A significant dif- 
ference among treatment groups was noted for changes in 
average and maximum pain intensity from baseline to 
week 18 favoring rhNGF. Pairwise p values for compari- 
sons between placebo and higher dose rhNGF for average 
and maximum pain were 0.05 and <0.01, and for lower 
dose rhNGF 0.04 and <0.01. No significant dose effect was 
observed. Figure 2A illustrates the improvement in aver- 
age neuropathic pain from baseline to week 18, and figure 
2B shows the improvements over the course of the study. 

The mean adjusted improvements (adjusted for baseline 
average daily pain intensity) for placebo, 0.1 |ig/kg rhNGF, 

and 0,3 jigftg rhNGF were 0,06 (0.01 worsening to 9,H 

improvement), 0.18 (0.10 to 0.25), and 0.21 log units (0.14 
to 0,29). Subjects with greater pain at baseline tended to 
experience greater improvement than those with less in- 
tense neuropathic pain. There was no differential effect of 
treatment based on the baseline stratification for use of 
dideoxynucleoside antiretrovirals, and no effect on study 
outcomes among the 10 subjects who changed dideoxy- 
nucleoside use during the study. 
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Table 2 Baseline characteristics of study subjects 





Placebo, 


rhNGF 0.1 u^g/kg, 


rhNGF 0.3 i^g/kg, 


Overall, 


CI Lcti' acteri stic 


n = 90 


n = 90 


n = 90 


n = 270 


Age, y, mean (SD) 


43.6 (8.8) 


44.5 (8.8) 


43.7 (o.b; 


AA fl (SL *7"\ 


Sex, % male 


97.8 


97.8 


96.7 


97.4 


Race, % white (non-Hispanic) 


87.8 


88.9 


87.8 


88,1 


IV drug history, % 


6.7 


10.0 


10.0 


8.9 


Concurrent use of narcotiG analgesics,* % 


37 


30 


40 


38 


CD4 count (cells/mm 3 ) 










Mean (SD) 


205.9(146.3) 


209.3 (144.6) 


223.1 (196.1) 


212.9 (164.0) 


Median 


181.5 


186 


168 


175 


Average paint (log units) 










Mean (SD) 


0.98 (0.35) 


1.01 (0.34) 


1.00 (0.30) 


1.00(0.33) 


Median 


1.0 


1.0 


1.0 


1,0 


Quantitative sensory testing, % abnormal 










(S:9S percentile) 










Foot vibration 


58 


63 


58 


61 


Foot cooling 


55 


58 


52 


55 



* Only analgesic regimes containing opioids were classified as narcotic analgesics. 

t Gracely Pain Scale. Daily pain scores averaged over 1 to 2 weeks and converted to logarithmic units using previously published val- 
ues 18 - 17 and as noted in table 1, 



rhNGF = recombinant human nerve growth factor. 



Analysis of the global assessment of pain showed that 
significantly more subjects treated with rhNGF reported 
improvement in neuropathy at weeks 12 or 18, or were 
rated as improved by examining neurologists. Fifty-one 
percent and 37% of patients randomized in the higher and 
lower NGF arms rated their neuropathic pain as "im- 
proved" or << much improved" at week 12, compared to 23% 
among the placebo patients (overall test p < 0.001; lower 
rhNGF versus placebo 0.21; higher rhNGF versus placebo 
<0.001, based on Mantel Haenszel test). At week 18, 17% 



of placebo recipients rated their neuropathy as "improved" 
or "much improved" compared to 33% of lower dose and 
36% of higher dose patients (overall test p = 0.048; the 
Bonferroni-adjusted p values for lower dose versus placebo 
p - 0.132; and for higher dose versus placebo p = 0.024). 
These results, and those of the examining neurologist rat- 
ings, are displayed in figure 3. 

Effects on neurologic examination. We found a signifi- 
cant improvement in pin sensitivity determined by blinded 
neurologic examination (figure 4) for the combined NGF 



Table 3 Subject experience during the double-blind study period 



Characteristic 


Placebo 


rhNGF 0.1 jig/kg 


rhNGF 0.3 p,g(k% 


Overall 


Treatment status* 


n = 9Q 


n = 88 


n = 89 


n - 267 


Completed, n (%) 


80 


70 (78.4) 


76 (85.4) 


226 (84.6) 


Discontinued, n (%) 


10(11.1) 


18 (20.5) 


13 (14.6) 


41 (15.4) 


Reasons for discontinuations 










Total no. discontinuations 


10 


18 


13 


41 


Death 


It 


0 


0 


1 


Toxicity per protocol 


0 


2 


0 


2 


Toxicity nonprotocol 


2 


5 


8 


15 


Subject request 


5 


9 


3 


17 


Other* 


2 


2 


2 


6 


Open label enrollment 


73 


61 


66 


200 



* Three subjects never started treatment, 
t Suicide. 

t Two subjects were discontinued because of use of experimental agent or other drug(a) with known antiviral activity, other than study 
drug(s), and seven discontinued for miscellaneous reasons. 



rhNGF = recombinant human nerve growth factor. 
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Figure 2. (A) Changes in average pain intensity. Plotted 
are adjusted means ± 2 SEM. Asterisks indicate statisti- 
cally significant differences compared with placebo. 
rhNGF = recombinant human nerve growth factor, (B) 
Changes in average pain intensity over the 22 weeks of the 
study. Adjusted mean ± 2 SEM are plotted. Asterisks in- 
dicate statistically significant differences compared with 
placebo. 

treatment arms and a small deterioration in the placebo 
group (p = 0,019). The Bonferroni- adjusted pairwise com- 
parisons corresponding to comparisons of placebo and 
higher dose rhNGF were p = 0,078 and for placebo and 
lower dose rhNGF were 0.015. We found no changes in 
other components of the neurologic examination, including 
vibratory sensibility, muscle strength, or deep tendon 



Effects on QST, analgesic use, and depressive symptoms. 
Overall, no significant treatment effects on either cooling 
or vibratory quantitative sensory thresholds were noted. A 
subgroup analysis of subjects who had abnormal cooling 
thresholds at baseline (s95th percentile) showed that sen- 
sory thresholds were closer to normal at week 18 for 
higher dose rhNGF recipients compared with placebo 
(Bonferroni -adjusted, p = 0.016 "just noticeable differ- 
ences" and p = 0.012 for percentile scores; see figure 5, A 
and B). The corresponding p values for the lower-dose 
rhNGF group versus placebo were 0.392 and 0,034, The 
changes from baseline to week 18 were not statistically 
significant. 



Si 



III 




ft 



Figure 3. Investigator and patient "global" 
change in pain from baseline. The baseline assessment 
(week 0) change in pain refers to changes during the 
2-week screening period before treatment. Asterisks mark 
statistically significant differences from placebo. Light 
gray line, placebo; medium gray line, 0.1 fjg/kg recombi- 
nant human nerve growth factor (rhNGF); black line, 
0.3 ygikg rhNGF. 

A blinded review of prescription analgesic use at base- 
line and week 18 showed no significant decrease in the 
amount or class of analgesic use reported by study partici- 
pants. Additionally, no effect on self-reported mood or psy- 
chological symptoms was found, using POMS. 

Effects on epidermal nerve fiber density. Punch skin 
biopsies were performed in 60 subjects at baseline and 



0.6 
8 0.4 













Wore; 

1 





-1.0 




Placebo 0.1 pg/kg NGF 0.3 ng/kg NGF 



Figure 4. Changes in pinprick sensation from the stan- 
dardized neurologic examination. Asterisks indicate statis- 
tically significant differences from placebo. rhNGF — 
recombinant human nerve growth factor. 
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| Placebo 0.1^/kgrhNGF 0.3 |xg/kg rhNGF 




I Placebo 0.1 ug/kg rhNGF 0.3 pg/kg rtiNGF 



Figure 5. (A) Analysis of toe cooling thresholds at week 18 
from the CASE TV quantitative sensory testing (QST) for 
all patients (black bars) and only those subjects with ab- 
normal QST (>95 percentile). Plotted are mean just no- 
ticeable difference (JND) values ± 2 SEM. Asterisks 
indicate statistically significant differences from placebo. 
rhNGF = recombinant human nerve growth factor. (B) 
Analysis of toe cooling thresholds at week 18. Plotted val- 
ues are mean percentile scores ± 2 SEM. Asterisks indi- 
cate statistically significant differences from placebo. 



week 18: 19 in the placebo group, 21 in the low -dose NGF, 
and 20 in the high-dose subjects. The reproducibility of the 
technique was assessed from intrasubject correlations be- 
tween baseline and week 18 densities. The overall esti- 
mate of the correlation was 81% in the lower leg and 77% 
in the upper thigh (p value < 0.001 in both cases). 24 No 
significant treatment effect was observed over the 18 
weeks. 

Adverse events. rhNGF was well tolerated in the study 
subjects, and only two subjects discontinued treatment be- 
cause of protocol-related toxicity (see table 3). One death 
occurred during the study period: a suicide in a subject 
receiving placebo. A total of 101 subjects experienced ad- 
verse events during the first 22 weeks of study (a total of 
126 events were reported): 25 subjects (29 total events) in 
the placebo group, 22 (31 events) on the lower dose NGF, 
and 54 (66 events) on the higher dose NGF. The most 
frequent adverse events were injection site pain or myal- 
gias, which were reported in 12 placebo recipients (15 total 
occurrences), 17 (25 occurrences) in lower dose rhNGF, and 
36 (48 occurrences) in higher dose rhNGF subjects. The 
local injection site pain was dose-related, and usually 
lasted 10 to 20 days after each injection. Severe myalgias 
occurred in eight subjects and was usually attributable to 
"accidental" overdosage with rhNGF because of dilution 
errors. No significant hematology or chemistry toxicities 
were observed, and there was no significant treatment ef- 
fect on plasma HIV RNA levels determined by Roche Am- 
plicor assay 19 between baseline, week 4, and week 18. 

Impact of unblinding during the study. The impact of 
injection site pain on unblinding was assessed with a ques- 
tionnaire at weeks 6, 12, 18, and 22. Subjects' responses 
were then categorized by whether unblinding was 
response-related or based on treatment side effects. From 
244 subjects who completed the blinding questionnaire, 96 
(39%) guessed treatment assignment because of injection- 
related symptoms. Table 4 demonstrates the mean 
changes in average daily pain by blinding status. A sub- 
group analysis was performed to attempt to eliminate the 
effects of unblinding from injection site pain or other ad- 
verse events. We combined participants who remained 
blinded throughout the study and those who were un- 



Table 4 The effects of unblinding on changes in neuropathic pain: Difference from baseline to week 18 



Treatment assignment 



Subject subgroup 


Placebo 


0.1 |j,g/kg rhNGF 


0.3 |ig/kg rhNGF 


Combined group (subjects who remained blinded and 


n = 74 


n = 44 


n = 39 


those who guessed by treatment response)* 








Average Gracely pain improvement 


0,05 (0.04) 


0.14 (0,05) 


0.20 a (0.05) 


Maximum Gracely pain improvement 


o.oe (0.04) 


0.18 (0.05) 


0.27 b (0.05) 


Subjects unblinded due to adverse events 


n= 10 


n = 35 


n = 42 


Average Gracely pain improvement 


0.19(0.09) 


0.24 (0.06) 


0.24 (0.05) 


Maximum Gracely pain improvement 


0.29(0.10) 


0.29 (0.06) 


0.28 (0.05) 



All means have been adjusted for baseline pain. Statistically significant differences from placebo, a p = 0.039 and b p - 0.009. Statistical 
comparisons were based on the Dunne fs post-hoc test, Numbers in parentheses denote standard errors of the adjusted means. 

* The combined group includes subjects who remained blinded throughout the study as well as those who correctly guessed receiving 
NGF due to improvement, 

rhNGF = recombinant human nerve growth factor. 
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blinded because of treatment response (and not from injec- 
tion site pain). Even though this "combined" subgroup was 
smaller than the total study population, significant im- 
provements in both average and maximum pain were ob- 
served for the higher rhNGF dose. The group that was 
unblinded by adverse events showed no significant treat- 
ment effect. 

NGF serum levels and antibodies. Levels of antibodies 
to rhNGF and rhNGF levels in plasma were determined at 
week 18 in 60 randomly selected samples using published 
techniques. 14 All antibody titers were negative, and the 
random plasma rhNGF levels were below the limits of 
detection (12 pg/mL). 

Discussion. This study represents the first use of 
rhNGF in HIV-associated SN. We tested the admin- 
istration of rhNGF for 18 weeks in 270 patients, and 
found a significant reduction in neuropathic pain, as 
well as improved pin sensibility on neurologic exam- 
ination. NGF was well tolerated, with few serious 
adverse events. Injection site pain or hyperalgesia, 
however, was frequent, dose-related, and usually 
lasted 10 to 20 days after each injection. Only two 
subjects discontinued because of protocol-related tox- 
icities. Despite its frequency, injection site pain did 
not frequently prompt study discontinuation; how- 
ever, about a third of subjects were potentially un- 
blinded by this stereotypic adverse effect. Diffuse 
myalgias or "neuromyalgia," which had been re- 
ported in other studies of rhNGF, 26 27 occurred rarely, 
and usually as a consequence of accidental overdos- 
age. The mechanism of the myalgias remains uncer- 
tain, but was usually self-limited with no lasting 
effect on muscle strength. It has not occurred in the 
open-label continuation study with a different formu- 
lation of rhNGF that requires no dilution. 

The treatment-related changes in the average 
daily Gracely pain scale corresponded to net im- 
provements of 0.12 and 0.15 log units after correct- 
ing for placebo effect. The differences became 
significant by 12 weeks of treatment, but were inde- 
pendent of dose. In other pain studies changes of this 
magnitude have been considered clinically meaning- 
ful, corresponding to an improvement of about one 
grade on the Gracely scale for pain scores in the 
"moderate range" and about two grades for pain 
scores in the "severe" range." 5 The Gracely scale is 
based on verbal descriptions of pain, some of which 
are very similar, e.g., "slightly intense" and "strong." 
Nonetheless, studies have demonstrated its reliabil- 
ity for measuring changes in neuropathic pain. 17 
Furthermore, the results on the Gracely are conso- 
nant with the patient and investigator global ratings. 
When we accounted for unblinding from injection site 
symptoms (as opposed to correct guessing of treatment 
because of response), the treatment-related differences 
were attenuated, losing significance. However, in many 
patients with pain who remained blinded, significant 
changes were noted for both average and maximum 
daily pain. We excluded individuals with cognitive 
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impairment, who might have had difficulty complet- 
ing the daily pain logs. 

The QST with the CASE IV device showed no 
changes, in contrast to the Phase II diabetic neurop- 
athy trial in which rhNGF had an effect on heat pain 
threshold. 14 Our sensory testing protocol included 
only cooling and vibratory thresholds, which are sensi- 
tive to small myelinated A delta and larger myelinated 
A beta fibers, respectively. An effect on C fibers, which 
subserve heat pain 2 *- 29 and include NGF-responsive fi- 
bers, might therefore have been missed. 18,23 In addition, 
we did not mandate abnormal QST for entry, and over- 
all, 44% of subjects had testing within a normal range. 
Restricting the analysis to those with abnormal sen- 
sory testing at baseline (i.e., scores above the 95th per- 
centile) demonstrated improved cooling thresholds, 
suggesting an effect of higher dose rhNGF. This must 
be interpreted cautiously, however, as no significant 
effect was seen for the lower dose of rhNGF, and this 
was a subgroup analysis involving one component of 
a secondary outcome variable. 

The use of punch skin biopsies for the diagnosis 
and evaluation of sensory neuropathies was first 
widely used by Bolton and Dyck 30 - 31 and has been 
subsequently refined by other groups. 32 36 The avail- 
ability of the sensitive panaxonal marker PGP9.5, 
combined with the validation of simplified quantita- 
tion techniques « has facilitated the study of idio- 
pathic small fiber SN 20 and HIV-associated SN. 21 - 37 
This trial represents the first use of epidermal nerve 
fiber densities as a therapeutic outcome measure. 
The reproducibility of the technique was good; taking 
all samples, week 18 epidermal nerve fiber densities 
were closely correlated with baseline densities. How- 
ever, only a minority of subjects (43%) had abnormal 
epidermal nerve fiber densities at the distal leg site 
at baseline, and morphologic changes were in gen- 
eral less dramatic than were observed in idiopathic 
small fiber SN, 20 This suggests that the pathologic 
severity of neuropathy in these subjects was rela- 
tively mild. Whereas no significant changes in epi- 
dermal nerve fiber density were observed after 18 
weeks of treatment, the open label study is continu- 
ing and information will be available after 70 weeks 
of rhNGF treatment. It is likely that regeneration or 
collateral sprouting of nerve fibers in the epidermis 
may take substantially longer than the 18 weeks of 
this study. For example, experimental studies focus- 
ing on the time course of intraepidermal nerve fiber 
regeneration within mouse foot pads following sciatic 
nerve injury have emphasized that reinnervation of 
the epidermis is often delayed even though reinner- 
vation of dermal structures may occur promptly (e.g., 
sweat glands are fully reinnervated 39 days after 
crush injury). 38 In a patient we studied with diabetic 
truncal neuropathy, epidermal reinnervation was de- 
tected 2 years after the original injury. 39 The reasons 
for delayed epidermal reinnervation after nerve in- 
jury are unknown, but it is not related directly to the 
distances from nerve injury to epidermal target. One 



hypothesis is that there is a defect in axon guidance 
due to loss of Schwann cell bands. 38 

It is frequently difficult to differentiate clinically 
HIV-associated SN from the toxic effects of dideoxy- 
nucleoside antiretroviral agents, particularly in indi- 
viduals with advanced HIV infection. 5 The mechanisms 
of dideoxynucleoside-induced peripheral nerve dam- 
age may include the inhibition of mitochondrial DNA 
polymerase. 40 - 41 We found no treatment differences 
after stratification by exposure to dideoxynucleoside 
analogues, suggesting that toxic neuropathies may 
respond to rhNGF in a similar manner to HIV- 
associated neuropathy not associated with these 
toxic agents. This observation has clinical relevance 
because the development of SN often limits the con- 
tinuation of specific antiretrovirals. rhNGF might be 
useful in this situation to either prevent the develop- 
ment of neuropathy or attenuate its progression in 
patients receiving dideoxynucleoside antiretrovirals. 

Limitations of this study include the apparent un- 
winding of a proportion of subjects because of the 
injection site symptoms. In future studies, we may 
focus on physiologic outcomes or utilize an active 
placebo or some method of masking injection site 
pain to counter this. Most of the subjects did not 
have severe neuropathy based on baseline levels of 
self-reported pain, results of QST, and epidermal 
nerve fiber densities. The inclusion of relatively mild 
neuropathy cases might have "diluted" the results, 
as we observed the more robust treatment effects in 
those with more severe neuropathic pain. Finally, 
the dosing frequency in our study was twice weekly 
in comparison to the three times weekly dosing used 
in the recent diabetic neuropathy trial (personal 
communication, A. Vinik, 1999). This frequency was 
selected empirically, and as random plasma samples 
showed undetectable levels of rhNGF, the systemic 
levels must have been low with this dose and dosing 
frequency. Treatment effects might have been more 
pronounced with a higher dosing frequency. 
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